The origin ('birth') and loss ('death') of genes are considered to be of major importance for the 37 phenotypic evolution of organisms (Flagel and Wendel, 2009; Smith and Rausher, 2011) . 38
Understanding the dynamics and interdependence of these processes is thus of utmost biological 39 interest. Many genes originate by duplication of already existing genes. The fate of such duplicate 40 genes has been a subject of research for decades and different evolutionary trajectories of duplicate 41 genes have been both hypothesized and observed (Ohno, 1970; Ohta, 1987; Lynch and Conery, 42 2000) . 43
Duplicated genes are often assumed to be initially redundant (Lynch and Conery, 2000; Lynch and 44 Force, 2000) . Since deleterious mutations are much more frequent than beneficial ones 45 (Charlesworth and Charlesworth, 1998; Keightley and Lynch, 2003), the most likely fate is that 46 one of the pair of duplicated genes will degenerate into a pseudogene, a process termed 47 'nonfunctionalization', while the other one may be maintained under purifying selection for the 48 ancestral function (Ohno, 1970) . The pseudogene will eventually be lost from the genome (Prince 49 and Pickett, 2002). However, it is also possible that both copies acquire loss-of-function mutations 50 after the gene duplication. If those mutations are complementary and affect independent sub-51 functions, both genes together are required to fulfill the full complement of functions of the single 52 ancestral gene (Force et al., 1999; Prince and Pickett, 2002) . This process is termed 53 'subfunctionalization'. Finally, a third classical fate of duplicate genes, termed 54 'neofunctionalization', has been considered. It occurs when after gene duplication one of two 55 copies undergoes directional selection to perform a novel function while the other copy maintains 56 the ancestral gene function (Ohno, 1970; Force et al., 1999 To clarify the early evolution of Bsister genes in eudicots we mapped the presence of ABS-and 134 GOA-like genes onto a phylogeny of extant eudicots with sequenced genomes (Figure 3) . All of 135 the analyzed genomes encode at least one Bsister gene pointing to the high importance of this gene 136
clade. Moreover, in V. vinifera, Citrus sinensis, Citrus clementina, Populus trichocarpa and in 137 most of the Brassicaceae species we identified genes of both clades, ABS-and GOA-like genes. 138
According to our Bsister gene phylogeny and the phylogeny of eudicots, we deduce that both ABS-139
and GOA-like genes were lost at least five times independently during the evolution of eudicots 140 outside Brassicaceae (Figure 3) . We searched the literature and the NCBI databases for expressed 141 sequence tags (EST) and short read archives (SRA) (Sayers et al., 2012) to find out the expression 142 domains of ABS-and GOA-like genes in core eudicots. The tissue resolution is quite divergent 143 between different studies (Supplemental Figure 3) . Nevertheless, a picture emerges showing 144 expression of both types of Bsister genes in flowers, where expression was mainly found in ovules 145 when detailed tissue analyses had been conducted. Furthermore, expression of both genes was often 146 detected in fruits where seeds were mainly identified as the source of expression if studied in more 147 detail. Hence, ABS-and GOA-like genes have similar expression patterns, indicating little 148 expression divergence between these genes after the duplication event. It is thus conceivable that 149 ABS-and GOA-like genes may have had a more or less redundant function for a period of up to 150 120 million years after their duplication. 151
152

Parallel nonfunctionalization of GOA-like genes in Brassicaceae 153
Given the many genomics resources available in Brassicaceae, we decided to study the evolution 154 of ABS-and GOA-like genes in this plant family in more detail. Our analyses comprise 22 different 155 species and cover the two major Brassicaceae lineages -lineage I and expanded lineage II 156 (Beilstein et al., 2006). We found several species which lack a GOA-like gene, as well as frequent 157 losses of GOA-like genes after whole genome duplications in the subgenomes of several species 158 (Figure 4) . In Eutrema salsugineum we found a small scale deletion including the GOA-like gene, 
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Exon loss Nonfunctionalization by mutation of the start codon Nonfunctionalization by deletion in MADS box for ABS-and GOA-like genes in Brassicaceae (ω1 and ω2), the branches leading to ABS-and GOA-198 like genes in Brassicaceae (ω3 and ω4) and all remaining branches (ω0), fitted the data best 199 (Supplemental Table 1 To analyze the conservation of whole genomic loci, we studied the exon-intron structure and 208 pairwise sequence identities of the exon and intron sequences of ABS-and GOA-like genes. In 209 Table 1 like genes have had on the protein level, we analyzed alignments of ABS-and GOA-like proteins 224 (Supplemental Figure 5) . We found that in Brassicaceae the average pairwise protein sequence 225 identity of GOA-like proteins (61%) is significantly lower than that of ABS-like proteins (85%) 226 (Mann-Whitney U-Test, p<0.001) (Supplemental Table 2 ), which is compatible with less purifying 227 selection on coding regions of GOA-like genes and the exon-intron structure analyses presented 228 above. 229
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Comparing ABS-and GOA-like proteins, we observe a number of amino acid differences in the 230 highly conserved MADS domain, which is responsible for DNA binding (Supplemental Figure 6) . Figure 7) . Unexpectedly, we found that GOA binds less strongly to the DNA-239 sequence element (Kd = 3.50 ± 1.07 nM) than ABS (Kd = 0.37 ± 0.14 nM) or SEP3 (Kd = 1.78 ± 240 0.52 nM). We hypothesize that other amino acid substitutions in the MADS domain (Supplemental 241 We also detected great differences between ABS-and GOA-like proteins in the K domain encoded 245 by exons 3, 4, and 5. From the crystal structure of SEP3 it is known that the amino acids encoded 246 by exons 3 and 4 mainly form a dimerization interface, whereas tetramerization is mostly achieved 247 by the amino acids encoded by exon 5 (Puranik et al., 2014) . The GOA-like proteins of L. 248 campestre and A. thaliana have shortened K domains (Supplemental Figure 5) , as the sequence 249 homologous to exon 5 is not present in the mRNA due to mutations at the 3' splice site and the 250 branching point, respectively, of intron 4 (numbering according to Figure 6 ). Furthermore, 251 shortened K domains are predicted for the GOA-like proteins of Boechera stricta and Arabis alpina 252 contains all exons coding for the K domain, we observe differences in the probability to form 254 coiled-coils as compared to the K domains of ABS-like proteins. For ABS-like proteins two regions 255 with high probabilities of coiled-coil formation are predicted (Figure 7) . For the analyzed GOA-256 like proteins (all containing all exons encoding for the K domain) the beginning of the two putative 257 α-helices is shifted towards the C terminus by several amino acids and most intriguingly, the coiled-258 coil probability for helix 2 is quite low. It is thus quite likely that only one helix is formed, which, 259 however, is shortened in comparison to ABS-like proteins. The inability to form a second helix is 260 likely due to insertions and substitutions in the protein part encoded by exon 4 (Supplemental 261 like proteins from other Brassicaceae, we performed a Y2H analysis (Supplemental Table 3 ). All 276 tested ABS-like proteins were able to form heterodimers with AP1 and all ABS-like proteins except 277
CrTT16 from Capsella rubella interacted with SEP1, SEP3 and SEP4 from A. thaliana. For SEP2, 278 we found that BhAGL32 from Boechera holboellii forms stable heterodimers. AalAGL32 from A. 279 alpina and CrTT16 form weak heterodimers with SEP2, whereas ABS from A. thaliana, LcAGL32 280 from L. campestre and ThAGL32 from Tarenaya hassleriana were unable to do so in our assay 281 (Supplemental Table 3 1   70  74  78  82  86  90  94  98  102  106  110  114  118  122  126  130  134  138  142  146  150  154  158  162  166  170  174  178  182  186  190  194  198 independent experiments we were unable to reproducibly identify interaction partners. 286
Furthermore, we were unable to affirm the interaction with AGL16 found by Y2H analysis in BiFC 287 experiments (Supplemental Figure 8) . Moreover, the GOA orthologs of C. rubella and L. 288 campestre are unable to form heterodimers with the A. thaliana AGL16 protein (Supplemental 289   Table 4 ). Thus, while ABS-like proteins show a number of conserved interaction partners, our 290 findings show that GOA has no or only a very limited number of interaction partners, at least in A. 291
thaliana. 292 293
In Brassicaceae transcript accumulation of GOA-like genes is much lower than that of ABS-294
like genes 295
We then compared the expression level of ABS and GOA from A. thaliana to several orthologs 296 from Brassicaceae using quantitative reverse transcription PCR (qRT-PCR) (Figure 8 ). Very low 297 expression was observed in roots and leaves for all analyzed genes. ABS was found to be expressed 298 most strongly in young siliques, followed by flowers and floral buds (Figure 8 A) . GOA expression 299 was generally found to be very low; highest expression levels were found in floral buds, but 300 equaling only 8% of the ABS transcript abundance. Expression was also observed in roots, flowers, 301
and siliques but at an even lower level than in floral buds. In C. rubella, the expression pattern 302 observed for CrTT16 was different to that of its A. thaliana ortholog ABS (Figure 8 B) . We found 303 Figure 9) . However, 325
we were not able to amplify a full length goa cDNA from the goa-1 mutant line, suggesting that it 326 is indeed a null mutant. Furthermore, we did not observe any obvious phenotypic differences 327 between wildtype and goa-1 plants regarding growth habit and appearance of leaves, flowers, and 328 fruits under standard long-day conditions. Since a function in fruit growth was proposed for GOA 329 (Prasad et al., 2010), we measured the fruit length, width and seed number per fruit in three 330 independent experiments performed in two different labs with independently grown plants. 331 However, we were not able to detect a significant difference between wildtype and goa-1 fruits 332 (Supplemental Table 5 ). Thus our data do not rule out that even GOA of A. thaliana is a 333 it is impossible to say as to whether maintenance of both gene types was dominated by 395 subfunctionalization, neofunctionalization, or a combination of both (subneofunctionalization). 396
Even more interesting, we also identified some lineages which had kept both ABS-and GOA-like 397 genes for many millions of years, but then still lost either the one or the other gene in an apparently 398 stochastic way (Figure 1 other MIKC-type proteins. Indeed, we were not able to identify another interaction partner for 454 GOA from A. thaliana in our Y2H experiments apart from AGL16 (Supplemental Table 4 DCAD is exemplified with ABS-like genes (shown in red; strongly conserved) and GOA-like genes (shown in blue; undergoing DCAD). In an initial phase, two paralogous genes may co-exist for many million years, e.g. due to dosage subfunctionalization. DCAD sets in when in the stem group of a taxon (here: Brassicaceae) one of the paralogs (here: the GOA-like gene) catches a mutation (lightning symbol) that compromises its function seriously (but maybe not completely), affecting most (if not all) orthologous genes in the crown group of that taxon (boxed). The triplication of the ancestral B sister gene is indicated by a star, the putatively lost third paralog is labeled with a black cross. Rough age estimates are given in Million Years Ago (MYA) at the bottom.
during the evolution of Brassicaceae. 471
Since GOA-like genes in diverse Brassicaceae are affected in a convergent way (Figure 4 ) it seems 472 reasonable to assume that an initial mutation determining the fate of these genes likely happened 473 in the stem group of extant Brassicaceae after the lineage that led to Caricaceae had already 474 branched-off. This raises the question as to which initial event doomed GOA-like genes of 475 Brassicaceae to extinction. All GOA-like genes of Brassicaceae that have been investigated were 476 found to be expressed at extremely low levels in floral buds and flowers, and often at even lower 477 levels in siliques, where high expression of a classical Bsister gene is expected (Bernardi et al. why GOA does not show neutral evolution (as would be revealed by an value of about 1). 522
However, redundancy is not easy to reconcile with the considerable differences between ABS and 523 GOA in terms of structure and expression level and pattern, and would not be evolutionarily stable. 524
Like the role of GOA in fruit development, also its role in nucellus degeneration may thus deserve 525 further investigations. 526 527 528 available, complete sets of gene family members from all relevant species, including also all genes 531 that are expressed at an extremely low level only (thus requiring genomics data). An indication of 532 DCAD would be phylogenetic gene trees where one of two long existing paralogs has 533 representatives in (almost) all relevant species, whereas the sister clade appears to lack orthologs 534 in many species, suggesting convergent, asymmetric (i.e. biased) gene loss after quite some time 535 of coexistence. This way, the remaining sister clade members may be identified as putative 536 pseudogenes even though they may not yet show clear hallmarks of pseudogenization. Thus a 537 DCAD pattern of gene evolution might be developed into heuristics that aid in gene and genome 538
annotations. More detailed studies may then support or reject the DCAD hypothesis and the 539 pseudogene identity of individual sequences. 540
We thus think that DCAD is not a unique pattern of GOA vs. ABS gene evolution. We rather argue 541 that it represents a more general scenario of duplicate gene evolution that may have been observed 542 before, but that has not been defined, fully recognized and appreciated as such. Importantly, DCAD 543 may be more frequent than one may assume. sequences, it was difficult to conclusively demonstrate the absence of DICH genes from the 566 genomes of species from which they could not be isolated. In the discussion of Hileman and Baum 567 (2003) on why DICH genes, in contrast to CYC genes, are not all maintained but slowly degenerate 568 and get lost, they come close to our model of DCAD based on dosage subfunctionalization. It 569 includes the hypothesis that DICH genes may have gotten lost independently once they crossed the 570 threshold to functional insignificance, e.g. due to reduced purifying selection or reduced 571 expression, beyond which purifying selection could prevent gene loss. This hypothesis may well 572 also apply to the GOA scenario. 573
Also, genes encoding general (basal) transcription factors may reveal a DCAD-like pattern of 574 molecular evolution. An example concerns TFIIAγ, which encodes a small subunit of TFIIA that 575 is required for RNA polymerase II function. Two paralogous genes, TFIIAγ1 and TFIIAγ5, 576 originated in the stem group of grasses (Poaceae) roughly about 50 to 80 MYA and have both been 577 maintained e.g. in several extant rice (Oryza) species (Sun and Ge, 2010) . In this case, TFIIAγ5 578 appears to have maintained the ancestral function as a subunit of the TFIIA complex, whereas 579
TFIIAγ1 displays many features of the DCAD syndrome, including accelerated evolution, relaxed 580 purifying selection, reduced expression and gene loss (Sun and Ge, 2010 Transcriptase (Thermo Scientific) using 500 ng to 3 µg of total RNA and primer AB05 for the 611 rapid amplification of cDNA ends (RACE). Random hexamer primers were used for cDNA 612 production for the qRT-PCR. cDNA was produced using an oligo(dT) primer for the amplification 613 of the coding sequences from cDNA. Subsequently, the cDNA was amplified using gene-specific 614 primers. A 3'-RACE for the ABS-and GOA-like genes of L. campestre was performed using 2 µl 615 of cDNA purified by the "NucleoSpin Gel and PCR Clean-up Kit" (Macherey&Nagel) with gene-616 specific primers and primer AB07 using Phusion polymerase (Thermo Scientific). A 5'-RACE was 617 performed as follows: 10 µl purified cDNA was poly(A)-tailed with 1.5 µl terminal 618 deoxynucleotidyl transferase (Thermo Scientific). 5 µl of the poly(A)-tailed cDNA was amplified 619 specific nested primer. PCR products were cloned and sequenced. All primer sequences can be 622 Exon-intron structures of ABS-and GOA-like genes of Brassicaceae were determined by an 643 alignment of cDNA to genomic sequences. However, for the GOA-like genes of Ae. arabicum, A. 644 alpina, S. parvula and B. oleracea, we had to rely on gene predictions because despite extensive 645 efforts we were not able to amplify cDNA from these genes, possibly due to extremely low levels 646 of expression (see, e.g. GOA-like genes; one ω ratio for the branch leading to the GOA-like genes of Brassicaceae; one ω 676 ratio for all the branches in the clade of Brassicaceae ABS-like genes; one ω ratio for the branch 677 leading to the ABS-like genes of Brassicaceae; and one ω ratio for all remaining branches. The 678 models were compared using a likelihood ratio test (LRT). 
